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TeleostDicentrarchus labrax is one of the major marine aquaculture species in the European Union. In this study, we
have developed a directed-sequencing strategy to sequence three sea bass chromosomes and compared
results with other teleosts.
Three BACDNA poolswere created from sea bass BAC clones thatmapped to stickleback chromosomes/groups V,
XVII andXXI. The poolswere sequenced to 17–39x coveragebypyrosequencing.Data assemblywas supportedby
Sanger reads and mate pair data and resulted in superscaffolds of 13.2 Mb, 17.5 Mb and 13.7 Mb respectively.
Annotation features of the superscaffolds include 1477 genes. We analyzed size change of exon, intron and
intergenic sequence between teleost species and deduced a simple model for the evolution of genome
composition in teleost lineage.
Combination of second generation sequencing technologies, Sanger sequencing and genome partitioning
strategies allows “high-quality draft assemblies” of chromosome-sized superscaffolds, which are crucial for the
prediction and annotation of complete genes.olecular Genetics, Ihnestrasse
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In recent years the genomes of ﬁve teleost species have been
sequenced (fugu, pufferﬁsh, stickleback, medaka, zebraﬁsh [1–4]).
These species were chosen for different reasons such as small genome
size or their signiﬁcance as developmental or evolutionary models. In
contrast genomics of ﬁsh species that are important for food
production in aquaculture and ﬁsheries have been neglected. Today
as new sequencing technologies evolve rapidly, costs for sequencing
decrease and an increasing number of projects aim at the sequencing
of farmed ﬁsh genomes (cod, sea bass, salmon, tilapia, catﬁsh, [5–9]).
Despite the vast amount of data provided by second generation
sequencing technologies, it is still a hurdle to compute vertebrate
genome assemblies that are competitive in terms of sequence quality,
contig size and other parameters with the published genomes that
were derived by Sanger sequencing [10]. This is particularly the case
for projects that aim at whole genome shotgun (WGS) sequencing of
large eukaryote genomes (plants, vertebrates), which are stillstruggling with low quality of the draft assembly compared to
published genomes that have been done by Sanger sequencing. A
good example is the cucumber (Cucumis sativus L.) genome which is
expected to have a size of ~350 Mb. Despite sequencing with Solexa
~50 bp paired end reads (200 bp, 400 bp and 2 kb inserts) reached
68.3x genome coverage, the assembly of only Solexa reads resulted in
a relatively small N50 contig size of 12.5 kb, N50 scaffold size of
172 kb and contigs comprised only 190 Mb of the genomic sequence
[11]. Similarly, a preliminary assembly of Atlantic cod, Gadus morhua
genome (estimated size ~800–900 Mb) sequenced up to 27x coverage
with different non-paired (400 bp reads) and paired end libraries
using the Roche/454 pyrosequencing technology resulted in scaffolds
with N50 size of 571 kb that cover only 618 Mb of the genome (www.
genomeweb.com, November 03, 2009).
One approach for improving the quality of draft genome
assemblies with the new sequencing machines is the hierarchical
shotgun sequencing strategy, which is mainly based on sequencing of
randomly chosen or mapped BAC clones. Such approaches have been
successfully used in barley (Hordeum vulgare L.), where N50 contig
sizes of 50 kb were obtained [12] from 91 BAC clones containing parts
of the highly repetitive genome. These have been sequenced on
average to 25x coverage by the Roche/454 FLX technology (average
reads ~250 bp). The improvement of N50 contig size was achieved by
applying sophisticated assembly strategies and using barcodes (MIDs)
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strategy was chosen to test the feasibility of 454 FLX pyrosequencing
for the Atlantic salmon (Salmo salar) genome project. In this case,
8 BACs were pooled and sequenced without MIDs, meaning that a
sequence could not be traced back to the BAC clone it was derived
from. Assembly of ~250 bp reads using the Newbler assembly
software yielded an N50 contig size of 11,497 bp [7]. This underlines
how different software and sample preparation can inﬂuence the
outcome of genomic sequencing projects. Especially de novo assem-
blers that use colinearity information from related species are able to
further improve the quality of genome assemblies [13].
While the amount of genomic sequences in public databases is
drastically increasing due to the new high-throughput DNA sequenc-
ing technologies, their annotation or biological interpretation still
remains a real challenge. Substantial advancements have been made
in the last years to improve the accuracy of gene prediction
(TWINSCAN, [14]; SGP2, [15]; EvoGene, [16]; N-SCAN, [17]; DOGFISH,
[18]; CONTRAST, [19]), which initially used only information
contained in the sequences of the genome to be annotated to delimit
the structure of genes (ab initio predictors) [20]. Today, programs for
gene prediction use the alignment of DNA, RNA or protein sequences
from other genomes (homology based predictors) [19,21], which
render themmore powerful and more efﬁcient in the identiﬁcation of
genes even for those that have not previously been characterized.
Recent approaches allow gene identiﬁcation by comparison of
genomic sequences to complete genome sequences, messenger RNA
transcripts or proteins identiﬁed in other species. Such an approach
allows the identiﬁcation of orthologous genes or non coding RNAs,
even without any preliminary knowledge of function, because
sequences with functional signiﬁcance show distinct patterns of
conservation between species.
The European sea bass Dicentrarchus labrax L. (Moronidae,
Perciformes, Teleostei) is a marine euryhaline teleost widely distrib-
uted in the coasts of AtlanticOcean andMediterranean Sea. The species
is particularly notable for its economical interests in European aqua-
culture, being one of the most exploited ﬁsh in marine aquacultures
(www.globeﬁsh.org). Aside from its economic interest,D. labrax is also
known by its ability to adapt to variety of environmental conditions.
The species is found in lagoon and estuarine environments, where the
variations in physicochemical factors such as salinity, temperature,
dissolved oxygen or pollutant load can be considerable [22–24]. Such
environmental variations constitute serious abiotic obstacles that
could deeply impact normal biological function such as growth and
reproduction. For the above reasons, European sea bass genome has
been intensively studied the last years [25,26]. Several studies have
attempted to getmore insights into the genetic control of reproduction
and growth of this species using various genomic technologies [27–
30]. However, the sequencing of thewhole genome remains crucial for
the discovery of quantitative traits that have an aquaculture interest
and which can be applied to improve sea bass production. Further-
more, the genome sequence will allow the discovery of novel
biomarkers that may provide insights into how sea bass has adapted
to variety of environment conditions.
We have recently [6] described the comparative BAC-map and low
coverage draft of the 600–763 Mb D. labrax genome obtained by high-
throughput Sanger-sequencing of BAC libraries and whole genome
shotgun plasmid libraries and explored the colinearity between D.
labrax and Gasterosteus aculeatus. The study represented the ﬁrst step
towards the sequencing of the sea bass genome, which will be
completed by second generation sequencing techniques. In this
current study, we present the sequencing, assembly and annotation
of three BAC Pools covering major parts of the sea bass chromosomes
that exhibit conserved colinearity to stickleback groups V, XVII and
XXI, by combination of high coverage Roche/454 pyrosequencing and
low coverage Sanger sequencing. The stickleback genome is the most
closely related genome to sea bass, that has already been sequenced,and therefore the order of many genes, gene number and gene
structure are highly conserved. Thus the predicted stickleback
proteins and predictions from others ﬁsh species (tetraodon, medaka
and zebraﬁsh) were extremely helpful to assign gene models to the
sea bass sequences by homology based prediction.
The “chromosome by chromosome” approach applied in this study
might be applied to sequence the whole genome of D. labrax. The
genomic sequence and the large scale discovery of genes in D. labrax
should have a high impact on aquaculture research, not only for sea
bass, but also for sea bream and tilapia, two other aquaculture species
that are evolutionary related.
2. Results
2.1. Sequencing and assembly
The preparation of pooled BACs (121, 163 and 116 BACs for
corresponding stickleback groupsV, XVII andXXI;we refer to stickleback
‘groups’, as this is the nomenclature used to identify chromosomal sized
superscaffolds in the BROAD S1 WGS assembly (Feb. 2006).) yielded
about 10 μg DNA for each pool. Table 1 shows the read numbers and
coverage resulting from the sequencing of each sample aliquot by Sanger
and pyrosequencing methods. Pyrosequencing yielded 2,408,353 reads
with an average read length of 408 bp (Roche/454 FLX system/BAC pool
V and XVII) and 2,268,981 reads with an average read length of 101 bp
(Roche/454 GS20 system / BAC pool XXI). The BAC pool XXI was
processed at a time when only the GS20 system was available. In total
207,464 reads (avg. 606 bp) were sequenced by the Sanger method.
Sanger coverage for BAC pool XXI was higher than for the other pools to
compensate the short read length of the Roche/454 GS20 data.
To add additional sequencing data for the ﬁnal assembly, we did
ﬁrst independently assemble the data derived from each of the pooled
BAC samples and then screened our D. labrax whole genome shotgun
(WGS) read database (~3x coverage/Sanger sequencing), BAC ends
and Roche/454 20 kb PET (paired end tags, alsoWGS) data against the
contigs of each BAC pool. This procedure resulted in 214,842
additional WGS reads (average length: 646 bp) and 6891 BAC ends
(average length: 634 bp) (see also Table 1). The average coverage of
the three pools by WGS reads and BAC ends should be evenly
distributed, but we observed some slight differences, which might be
due to different repeat content of each BAC pool. Finally, the screening
of Roche/454 20 kb PET sequences yielded 75,650 single tags
(average: 195 bp).
The ﬁnal assembly of combined datasets for each BAC pool and
manual gap closure resulted in large scaffolds and contig sizes (see
Table 2). As expected the addition of Sanger data gave a boost to the
overall assemblyquality.Ordering the scaffolds according to theirposition
on stickleback reference sequences resulted in three superscaffolds of
13,213,695, 17,477,355 and 13,699,372 bp for group V, group XVII and
group XXI, respectively. These superscaffolds are referenced here as “sea
bass LG1 bottom”, “sea bass LG1 top” and “sea bass LG18” according to
results from comparison with the genetic linkage map (see below). A
comparisonwith the corresponding stickleback superscaffolds, that were
assembled from~11x coverage Sanger reads, underlines that the sea bass
assemblies are equal or even outperform many assembly quality
parameters like N50 contigs size, N50 contig count, total contig count or
largest contig size (see Table 2). The three superscaffolds have been
submitted to the EMBL nucleotide sequence database (EMBL: FQ310507,
EMBL: FQ310506 and EMBL: FQ310508). Read data used in this article
may be requested from the corresponding author.
2.2. Assigning superscaffolds to genetic linkage groups
Overall 13 microsatellite marker sequences from the D. labrax
genetic linkagemap by Chistiakov et al. [25]matched the superscaffolds
with consistent order (see Table 3). Another 15 markers from the
Table 1
Roche/454 and Sanger sequencing results. SG = shotgun; PET = paired end tag; WGS = whole genome shotgun; ES = end sequence; n/a = not available.
454 GS FLX Titanium sequencing Sanger sequencing
454 BAC SG Matching 454 WGS 20 kb PET BAC SG Matching BAC ES Matching WGS
Sea bass BACs corresponding to Stickleback group V
Number of reads 1,194,669 23,644 53,279 2,105 79,697
Average readlength 432 bp 189 bp 640 bp 636 bp 639 bp
Number of bases 516,273,909 bp 4,475,949 bp 34,142,132 bp 1,340,383 bp 50,986,468 bp
Sequencing coverage ~39x ~0.09x ~2.6x ~0.1x 3.9x
Clone coverage n/a ~4.5x ~4x ~12x ~6x
Sea bass BACs corresponding to Stickleback group XVII
Number of reads 1,213,684 33,422 54,313 2,115 70,178
Average clear range 384 bp 185 bp 635 bp 636 bp 645 bp
Number of bases 466,372,247 bp 6,214,145 bp 34,507,396 bp 1,344,377 bp 45,306,579 bp
Sequencing coverage ~26x ~0.09x ~2x ~0.08x ~2.6x
Clone coverage n/a ~4.8x ~3.1x ~9.1x ~4.0x
454 GS 20 sequencing Sanger sequencing
Sea bass BACs corresponding to Stickleback group XXI
Number of reads 2,268,981 18,584 99,872 2,671 64,967
Average readlength 101 bp 219 bp 571 bp 629 bp 654 bp
Number of bases 229,917,278 bp 4,075,338 bp 57,117,148 bp 1,681,126 bp 42,502,188 bp
Sequencing coverage ~16.8x ~0.07x ~4.2x ~0.12x ~3.1x
Clone coverage n/a ~3.4x ~7.3x ~14.6x ~4.7x
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repetitive nature, which results in assembly or alignment problems of
the corresponding region, or gaps in the BAC map. The superscaffold
corresponding to stickleback group V matched with 7 markers of the
lower part of sea bass linkage group 1 whereas the superscaffold
homologous to stickleback group XVII matched with 2 markers on the
upper part of linkage group 1. The possibility that these two
superscaffolds belong to a single chromosome in sea bass, as suggested
by the genetic linkage map, could not be reliably proven by sequencing
results as no consistently spanning BAC end sequences or overlapswere
found. Moreover, our results are supported by ﬁndings of the sea bass
radiation hybrid (RH) map [31], which does suggest that genetic
linkage group 1 is a mapping artifact that joins two sea bass
chromosomes (called LG1a = LG1 top and LG1b = LG1 bottom in
the RHmap). The superscaffold corresponding to stickleback group XXITable 2
Newbler v2.3 and Celera v5.3 assembly results of sea bass BAC pools. The results were
superscaffolds. n/a = not available; bp = base pairs.
BAC pool V/LG1 bottom BAC pool XVII/LG1 top
Newbler 2.3
(454 data only)
Celera 5.3
(all data)
Newbler 2.3
(454 data only)
Celera 5.3
(all data)
Total contig count 1,923 1,511 3,231 1,913
Total contig length 13,921,559 bp 15, 588,148 bp 17,878,572 bp 19,933,035 b
N50 contig count 241 44 390 76
Largest contig 86,699 bp 473,224 bp 99,432 bp 359,471 bp
N50 contig Length 16,855 bp 100,311 bp 12,596 bp 67,057 bp
Total scaffold count 628 1,268 1,033 1,419
N50 scaffold count 21 3 26 6
Largest scaffold 778,055 bp 3,443,724 bp 1,262,046 bp 3,171,829 bp
N50 scaffold length 193.341 bp 2,142,724 bp 186,625 bp 1,173,266 bp
Superscaffold length
(gaps not counted)
n/a 13,213,695 bp n/a 17,477,355 b
Mapped contigs in
superscaffold
n/a 228 n/a 526
N50 contig length n/a 113,295 bp n/a 77,827 bp
N50 contig count n/a 33 n/a 61was assigned to sea bass linkage group 18 due to 4 microsatellite
markers (of which 3 markers had several repetitive matches).
2.3. Alignments of superscaffolds between D. labrax and G. aculeatus
Fig. 1 shows the comparisons of stickleback to sea bass superscaffolds
by dot plots. While sea bass superscaffolds matching stickleback group V
and XVII show some large scale intra-chromosomal rearrangements
(translocations / inversions), group XXI and the corresponding sea bass
sequence exhibit a completely conserved colinearity except of a small
inversion which is located next to a ~700 kb stretch of highly repetitive
sequence (stickleback XXI 3.0–3.7 Mb). The latter could be related to the
centromer. Interestingly, colinearity with stickleback group XXI seems to
be extraordinary conserved also in medaka and tetraodon, whereas
alignments between the other groups detect some large scale colinearitycompared with the whole genome assembly of stickleback and the corresponding
BAC pool XXI/LG18 Stickleback whole genome assembly
BROAD S1, Feb. 2006
Newbler 2.3
(454 data only)
Celera 5.3
(all data)
Sanger data (11X)
10,170 3,102 17,365
p 12,924,955 bp 18,562,646 bp 446,627,861 bp
815 43 1,553
40,167 bp 488,651 bp 698,234 bp
3,453 bp 103,047 bp 78,912 bp
1,074 2,797 n/a
161 3 n/a
87,110 bp 6,086,474 bp n/a
17,452 bp 1,037,504 bp n/a
Group V Group XVII Group XXI
p n/a 13,699,372 bp 11,878,402 bp 17,253,883 bp 11,442,279 bp
n/a 239 456 476 424
n/a 171,844 bp 76,696 bp 73,906 bp 64,859 bp
n/a 24 47 57 50
Table 3
Sea bass linkage group markers aligned to superscaffolds. The preﬁx numbers of the marker identiﬁers represent their order in the genetic linkage groups, which is consistent with
their placement in the superscaffolds.
Microsatellite marker Superscaffold % id Start [bp] end [bp] e-value Score Other similar matches
DLA0122_LG1TOP_4 LG1_top 100.00 5,740,651 5,740,331 0.0 636 Unique
DLA0130_LG1TOP_5 LG1_top 96.49 6,357,019 6,357,302 1,00E-136 484 Unique
DLA0139_LG1BOTTOM_2 LG1_bottom 99.55 1,326,171 1,325,951 3,00E-121 432 Unique
DLA0113_LG1BOTTOM_4 LG1_bottom 97.58 2,973,447 2,973,611 6,00E-73 272 Unique
DLA0237PY_LG1BOTTOM_6 LG1_bottom 100.00 3,391,644 3,391,500 8,00E-78 287 Unique
DLA0134_LG1BOTTOM_7 LG1_bottom 99.40 3,628,325 3,628,656 0.0 642 Unique
DLA0236_LG1BOTTOM_8 LG1_bottom 98.59 4,724,256 4,724,116 6,00E-69 258 Unique
DLA0213_LG1BOTTOM_10 LG1_bottom 99.44 8,538,006 8,538,183 2,00E-95 345 Unique
DLA0167_LG1BOTTOM_12 LG1_bottom 98.14 8,585,256 8,585,042 2,00E-112 402 Unique
DLA0028_LG18_3 LG18 87.20 1,665,537 1,665,374 2,00E-36 151 Repetitive
DLA0037_LG18_4 LG18 100.00 1,951,625 1,951,474 4,00E-82 301 Unique
DLA0033_LG18_5 LG18 100.00 13,952,358 13,952,410 7,00E-23 105 Repetitive
DLA0155_LG18_8 LG18 98.72 14,174,185 14,174,108 2,00E-35 147 Repetitive
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not covered by the corresponding sea bass superscaffolds. Additionally,
some gaps in the plots indicate gaps in the BACmap. Especially the start of
stickleback group XXI (0–0.5 Mb) and the start of group XVII (0–1Mb) as
well as the end of group V (11.8–12.3 Mb)weremissing in the sequenced
BAC pools due to lower BAC map quality in these regions.
2.4. Gene prediction
Ab initio gene prediction with Genscan resulted in 840, 987 and
810 predicted genes for sea bass LG1 bottom, LG1 top and LG18,
respectively (Table 4). These counts were more than twice as high as
the number of annotated genes on the corresponding stickleback
groups, which may be explained by the fact that Genscan produces a
lot of false positive predictions. The homology based predictions
obtained by aligning predicted proteins from stickleback by SPALN
resulted in 365, 385 and 289 predicted coding sequences (cds) for sea
bass LG1 bottom, LG1 top and LG18 (Table 4). With the alignment of
predicted proteins from Oryzias latipes, Tetraodon nigroviridis and
Danio rerio 218, 199 and 145 gene models that previously had not
been identiﬁed by homology-based prediction with stickleback
proteins were predicted for LG1 bottom, LG1 top and LG18,
respectively. Finally, 583 gene models for LG1 bottom, 584 for LG1
top and 449 for LG18 were predicted with good accuracy (evaluation
by BLASTP against NRprot database) by combined evidences from all
approaches (Table 4). The number of non-redundant unique gene
models was 548, 529 and 400, respectively (see also Fig. 2 for aFig. 1. BLAST alignments of sea bass versus stickleback superscaffolds visualized as dot plots. W
conserved colinearity, sea bass linkage group 1 bottom and top (versus stickleback group Vgraphical overview of some annotated genes). Recently, several EU
projects have improved the number of EST sequences available for sea
bass (Marine Genomics Europe, Aquaﬁrst; 35,416 ESTs at genbank:
FM000001.1–FM024240.1, AM981402.1–AM982512.1 and
AM983577.1–AM988621.1). Unfortunately, most of them do not
cover complete genes and are located in 3′UTR of our predictions.
Nevertheless, 7.0%, 8.0% and 8.2% of the gene models were conﬁrmed
in LG1 bottom, LG1 top and LG18 by ESTs covering the complete cds
(more than 95%) (Table 4), while cds covered partially (equal or less
than 95%; max e-value 1e-20; min. identity of alignments (tblastn)
97%) were 21.1%, 18.7% and 25.2%.
On average the predicted unique gene models (models remaining
after removing some redundant exon predictions of alternative
spliced forms and annotations of transposon related viral polyproteins
that sometimes are nested in introns of other genes) in sea bass cover
a genomic region of 10,760 bpwith 10 exons per gene for LG1 bottom,
14,126 bp with 10 exons per gene for LG1 top and 14,723 bp with 11
exons per gene for LG18. The average size of the exons is about 169 bp
for LG1 bottom, 163 bp for LG1 top and 161 bp for LG18 whereas the
average intron size is 1006, 1377 and 1281 bp, respectively (see
Table 5).
The predicted proteins were screened against proteins in NRprot
database by BLASTP to validate the integrity and the accuracy. The
protein names and descriptions were then manually selected from the
consensus description of the best hits. To validate these annotations, the
corresponding protein name of each gene model was reinvestigated by
homology search against the nonredundant GenBank protein databasehile sea bass linkage group 18 (versus stickleback group XXI) shows a nearly complete
and group XVII) exhibit some large scale rearrangements.
Table 4
Annotation statistics. Genscan resulted in most raw predictions, but also many false
positives. Homology based prediction with stickleback proteins resulted in the highest
number of predictions that were manually curated. Additional manual curated
predictions were added applying protein data from other teleost species. Some gene
loci had several similar transcripts which were considered as possible alternative splice
forms. Counting only one cds per gene loci resulted in 1477 predictions unique to
sequence position.
LG1 bottom LG1 top LG18
GenScan 840 987 810
Stickleback proteins 365 385 289
Danio/Medaka/Tetraodon proteins 218 199 145
Total annotated cds 583 584 449
Total annotated cds unique to position 548 529 400
cds covered by EST (N95% of length) 7.0% 8.0% 8.2%
cds covered partially by EST (b=95%) 21.1% 18.7% 25.2%
206 H. Kuhl et al. / Genomics 98 (2011) 202–212using the GeneOntology (GO) Server [32]. The results revealed that 574
(98.5%), 582 (99.6%) and 447 (99.5%) predicted genes show a match to
protein with the same name. Only 9, 2, and 2 gene models predicted
respectively for LG1 bottom, LG1 top and LG18 did not show BLAST Hits
with the GO Server.
2.5. Gene function
The functional annotation of gene models was performed by
comparing them against database sequences with known (GO)
annotations using BLAST. The default BLAST cut-off e-value was set
at 1E-15 to assure relatively high quality results. The gene models
were annotated according to their molecular function, the roles they
might play in biological processes and the cellular componentwhere a
gene product may be located in the cell. Overall 548 (94.0%), 548
(93.8%) and 426 (94.8%) gene models predicted respectively for LG1
bottom, LG1 top and LG18 were assigned to GO functions. For the
unannotated genes in GO, their function was extrapolated by using
signatures from InterPro member databases using InterProScan. By
combining evidences from these two approaches, a function was
assigned to 565 (96.9%), 570 (97.6%) and 441 (98.2%) of genes
predicted for LG1 bottom, LG1 top and LG18.
2.6. Comparison of coding and non coding regions between ﬁve teleost
species
In an effort to study colinearity between the different sequenced
teleost species, we were especially interested in how exon size, intron
size and intergenic space have evolved leading to the variety ofFig. 2. Some annotated genes in sea bass linkage group 18 (10.76 Mbp to 11genome sizes observed in teleosts. We analyzed all the superscaffolds
that were related to sea bass LG1 bottom, LG1 top and LG18 by
containing the maximum number of ortholog genes. After removing
redundant transcripts and exons the average exon size, intron size,
gene size, and size of intergenic space were calculated (Table 5).
When these values were plotted over the different genome sizes of
the teleost species a strong linear correlation was observed, which
indicates the expansion of all three fractions (exon, intron and
intergenic) at different constant rates with increasing genome size.
The values deduced from the medaka superscaffolds were slightly
deviating from the linear correlation of the other species, whichmight
be due to the large number of gaps in the genome assembly. Thus we
excluded medaka results from the linear regression. The interpreta-
tion of the correlations (Figs. 3 a, b, c) is that with increasing genome
size the average intron size changes by 1.85 bp/Mbp, the average
intergenic space size changes by 22.64 bp/Mbp and the exon size stays
nearly the same with a change of 0.03 bp/Mbp. With the knowledge
about the different rates at which exons, introns and intergenic space
grow, we can calculate how these fractions contribute to the total
genome size differences. If we consider that on average the frequency
of exons is eleven times higher and the frequency of introns is ten
times higher than the frequency of intergenic space in the analyzed
teleost species, we can conclude that the size difference, which is
induced by indels in exons would account for:
0:8% = 1000:0311 = 0:0311 + 1:8510 + 22:64ð Þ
of the total size difference.
Similarly, indels in introns account for 44.61% and indels in
intergenic space account for 54.59% of the size differences between
teleost genomes. These values can also be considered as the
probabilities of an inserted or deleted basepair to occur in exons,
introns or intergenic space. According to this approximation these
values would also represent the limits the three fractions would
converge to, if teleost genome sizes would expand without any
limitations (see Fig. 4A). As the annotation used here is based mainly
on ortholog proteins, we did have no information on untranslated
regions (UTRs). This may result in an underestimation of the indel
probability of intergenic space because UTRs, which are likely more
conserved than intergenic space, are shifting the intergenic rate to
lower values. For this reason, we did experimentally estimate a higher
indel rate for intergenic space. Fig. 4B shows how the graph in Fig. 4A
changes by the increased value and displays values for very small
genome sizes that are better in concordance with known issues like
the high fraction of coding sequence in bacteria..26 Mbp) as displayed by the Apollo Genome Annotation Curation Tool.
Table 5
Comparison of exons, introns, genes and intergenic space inﬁve teleost species. The genome sizewas derived fromwww.ensembl.org (T .nigroviridis,G. aculeatus,O. latipes andD. rerio) or
www.genomesize.com (D. labrax). Note that chromosome sizes presented here are including gaps.
Species
chr
Average exon
size
[bp]
Exon
count
Average
intron size
[bp]
Intron
count
Average gene
size
[bp]
Gene
count
Average
intergenic size
[bp]
Intergenic
count
chr size
[bp]
Average exons
per gene
Genome
size
[Mbp]
T. nigroviridis chr 2 148 14,189 529 12,932 7,107 1,257 10,062 1,258 21,591,555 11 359
T. nigroviridis chr 11 146 8,386 466 7,610 6,148 776 9,246 777 11,954,808 11 359
T. nigroviridis chr 6 149 3,627 541 3,293 6,960 334 14,029 335 7,024,381 11 359
G. aculeatus chr 5 153 7,891 621 7,159 7,722 732 9,003 733 12,251,397 11 462
G. aculeatus chr 17 150 7,426 808 6,728 9,381 698 11,524 699 14,603,141 11 462
G. aculeatus chr 21 153 5,072 902 4,610 10,678 462 14,653 463 11,717,487 11 462
D. labrax LG1 bottom 169 5,455 1,006 4,910 10,760 545 16,372 546 14,803,406 10 763
D. labrax LG1 top 163 5,297 1,377 4,771 14,126 526 20,272 527 18,113,738 10 763
D. labrax LG 18 161 4,418 1,281 4,020 14,723 398 21,662 399 14,502,949 11 763
O. latipes chr 19 151 7,023 1,003 6,374 11,479 649 24,618 650 23,451,325 11 869
O. latipes chr 5 148 9,439 1,266 8,585 14,361 854 25,179 855 33,792,114 11 869
O. latipes chr 20 149 5,982 1,365 5,454 15,786 528 30,989 529 24,728,221 11 869
D. rerio chr 12 179 7,679 2,440 6,882 22,788 797 35,953 798 46,853,116 10 1,481
D. rerio chr 11 & chr 6 184 17,213 2,614 15,367 23,478 1,846 33,797 1,847 105,763,869 9 1,481
D. rerio chr 24 178 6,327 2,794 5,708 27,588 619 37,624 620 40,403,431 10 1,481
Combined results Total average
exon size
[bp]
Total
exon
count
Average intron
size
[bp]
Total
intron
count
Average gene
size
[bp]
Total
gene
count
Average intergenic
size
[bp]
Total
intergenic
count
Total
sequence
analyzed [bp]
Average exons
per gene
Genome
size
[Mbp]
T. nigroviridis 148 26,202 512 23,835 6,738 2,367 11,112 2,370 40,570,744 11 359
G. aculeatus 152 20,389 777 18,497 9,260 1,892 11,726 1,895 38,572,025 11 462
D. labrax 164 15,170 1,221 13,701 13,203 1,469 19,436 1,472 47,420,093 10 763
O. latipes 149 22,444 1,211 20,413 13,875 2,031 26,929 2,034 81,971,660 11 869
D. rerio 181 31,219 2,616 27,957 24,618 3,262 35,791 3,265 193,020,416 10 1,481
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Denovo sequencing of large eukaryote genomes has been a difﬁcult
task in the past, when Sanger sequencing was the only method
available to provide sufﬁcient throughput for sequence analysis.
Despite many hopes, this did not change since second generation
technologies are available. Time for data production consumes a
minor part of the complete sequencing project today, but bioinfor-
matics becomes a bottleneck, when it comes to computing genome
assemblies based on short read data that are comparable in quality to
projects that were performed by the long read Sanger technology. For
this reason we combined ﬁrst and second generation techniques to
sequence three chromosome-sized superscaffolds of European sea
bass. To gomore into details, we have used Sanger sequencing ofWGS
libraries as well as BAC pool libraries to generate long mate paired
sequences with lower coverage and combined them with unmated
Roche/454 sequences of BAC pools with high coverage. Additionally,
Roche/454 20 kb paired end tags were used for scaffolding. The ﬁnal
assembly was improved by comparative mapping of contigs to the
stickleback genome, and manually joining them, if possible. The
availability of the stickleback genome has already been an invaluable
resource for comparative BAC mapping of the European sea bass [6].
This approach resulted in superscaffolds of assembled sequence that
are of comparable or even better in quality (in terms of N50 contig
size: G. aculeatus=79 kb; D.rerio=25 kb; T. nigroviridis=16 kb; O.
latipes=9.8 kb) as compared to the teleost genomes that have been
sequenced by Sanger sequencing only.3.1. Superscaffold alignments
Comparisons between sea bass superscaffolds and their correspond-
ing superscaffolds in other teleost species allowed us to trace intra-
chromosomal rearrangements (colinearity breakpoints). Interestingly,
one of the sequenced superscaffolds, namely LG18 showed a nearly
completely conserved colinearity in all other species used for the
comparison, while the two other superscaffolds showed several
colinearity breaks at different locations between different teleosts.
When comparing all chromosomal superscaffolds of the species G.aculeatusandO. latipes, it turnsout that the chromosomes corresponding
to sea bass LG18 are the only ones in the genomes that have a nearly
complete colinearity. The reason why LG18 exhibits a more continuous
colinearity than LG1 bottom and LG1 top is not clear. It has been
demonstrated that the level of colinearity between two genomes
depends on inter- and intra-chromosomal rearrangements [33], which
are determined by the balance between stochastic and functional
constraints. In the current study, we are unable to say which constraint
(stochastic or functional) might be responsible for lower chromosomal
rearrangements in LG18. Further analyses are required to establish
beyond doubt whether there are more chromosomal rearrangement
events in LG1 bottom and LG1 top and to determine the nature of the
constraint that might be responsible for this.3.2. Annotation of genes
In recent years the advancements in sequencing technologies have
resulted in large amounts of expressed sequence data particularly in
model organisms, which have been successfully used for genome
annotation improvement. As expressed sequences, the most valuable
data source for improving the sensitivity and the accuracy of gene
annotation, are often limited in studies of non-model organisms,
annotation is depending on alternativemethods. In sea bass many EST
sequences are available in public databases, but most of them are only
covering the 3′ends of the transcripts. The number of completely
sequenced mRNAs for sea bass is still quite low, which lead us to ﬁrst
perform an ab initio annotation which gives a general information on
the gene content, but does not provide gene models with satisfactory
accuracy. To overcome the shortcomings of ab initio predictions, a
comparative annotation was performed in parallel, which showed
that the homology-based methods using proteins predicted in
stickleback, medaka, tetraodon and zebraﬁsh were extremely useful
for the annotation of cds in sea bass chromosomes. In total 1477 genes
have been annotated for sea bass. Only 37% of those perfectlymatched
ab initio predictions. By combining these two approaches we did not
only considerably increase the recognition of true ORFs but also
improved the gene models by manually correcting the start of
translation, the stop of translation or the exon/intron boundaries. Out
Fig. 3. A) Plot of average exon sizes in different teleost species (T. nigroviridis, G.
aculeatus, D. labrax, O. latipes and D. rerio) versus their genome size. B) Plot of average
intron sizes versus genome size. C) Plot of average intergenic space sizes versus genome
size. Each point represents the average exon, intron or intergenic space size of the
different superscaffolds analyzed. Values for human and O. dioica are shown, but not
taken into account for the linear regressions.
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about 4% that have been predicted by the ab initiomethod and further
validated by BLAST searches against protein entries in the available
databases, were not supported by the homology-based predictions.
On the other hand, the ab initio prediction failed to detect the correct
structure of about 60% of the genes that have been clearly revealed by
the homology-based method. Taken together these results highlight
how the combination of different approaches can be useful for an
accurate and effective annotation.
Although the highly conserved colinearity of LG18 implies some
special role of this chromosome, the properties of the genes did notdeviate from those found on the other chromosomes. The distribution
of predicted genes according to their GO categories showed that more
than 45% of proteins are binding proteins, 27% have a catalytic activity
and 8% have transducer activity. More than 44% and 22% of the
proteins are respectively located in the cytoplasm and the organelles.
As expected many genes are involved in a large spectrum of biological
processes including cellular and metabolic processes (49%). Among
the annotated genes we have predicted 49 proteins including
homeobox proteins, forkhead box proteins and proteins involved in
response to steroid stimulus that were predicted as being part of
reproductive or growth processes. Such genes probably have a special
value for aquaculture breeding and may constitute a starting point for
further functional genomic analyses in relation to sea bass growth and
reproductive traits. We have also annotated many genes involved in
adaptation mechanisms such as ion homeostasis, and oxidative
defense as well as proteins involved in the adaptation to a large
range of biotic and abiotic environmental factors including the
recognition of parasites, defense response, behavior, detection of
stimulus, and response to chemical and endogenous stimuli. Some of
these genes might play an important role in the ability of sea bass to
survive and thrive inmany constraining habitats. Further perspectives
would include investigating the expression of these genes, and also
the mechanisms which regulate their expression (polymorphism in
the regulatory regions, single nucleotide polymorphism etc.) in
experimental or natural populations of sea bass adapted to different
environmental conditions. This may help for a better understanding of
adaptive mechanisms that allow sea bass to thrive in a wide range of
environmental factors. In a pilot study we have already assigned a
large number of SNPs to the sequences presented in this study [34].
3.3. Genome size evolution — contribution of exons, introns and
intergenic space
The BACmap of sea bass already resulted in some characteristics of
genome size evolution. On average the distance of ortholog loci in sea
bass was 1.3-fold larger than in stickleback. With the information
about annotated sequences we had the opportunity to take a closer
look at how the average size of exons, introns and intergenic space
deviates between teleost species. While size differences in exons
accounts only for a small change in the observed genome size
differences of the compared ﬁshes, the contribution of introns and
intergenic space appears to be more signiﬁcant than the exonic
differences. The average length of introns and intergenic space were
much higher in sea bass and medaka, compared to stickleback or
pufferﬁsh, which reﬂects that noncoding sequences are under less
selective pressure and therefore are subject to random substitutions
and large insertions/deletions. On the other hand, the average exon
size did not show large differences between species, which of course
reﬂects that the coding regions are functionally constrained. Inter-
estingly, intergenic space and intron size are evolving at a similar rate
with slight differences (slower rate of size change in intronic regions)
that may be explained by the fact that some introns have regulatory
functions [35] and are therefore more conserved than intergenic
sequences. This is particularly the case for the 5′ and 3′ ends of the
introns sequences closer to the ﬂanking exons that are highly
conserved compared to adjacent interior intron sequences and
intergenic regions.
From linear correlations of average exon, intron or intergenic
space sizes with the total genome size, we could extrapolate how
these different fractions of a genome develop with genome size in
teleosts. This simplemodel (Fig. 4) can bemore or less considered as a
“black box” that combines relevant processes for genome size
evolution like single indels, polymerase slippage in low complexity
sequences or the birth of new genes by recombination or transposi-
tion due to averaging the values found for each superscaffold in the
different sized genomes. Interestingly, our model suggests that the
Fig. 4. A model for the change of exon, intron or intergenic fractions depending on genome size in teleost species. A) Lines were calculated by average sizes of exons, introns and
intergenic space in the Tetraodon genome and their extrapolation by applying the in/del probabilities calculated by the linear regressions in Fig. 3A, B, C. Points represent the values
that were really observed by the analysis of T. nigroviridis, G. aculeatus, D. labrax, O. latipes and D. rerio superscaffolds. Although the model was deduced from teleost data, small
genomes (Oikopleura dioica) and large genomes (human) are approximately matching the extrapolations. B) Amore speculative approach by calculating linear regressions including
non-teleost species (O. dioica and H. sapiens) and experimentally increasing the indel probability for intergenic space by ~20% to remove the effect of UTRs that were counted as
intergenic space due to the limits of annotation data. This approach results in a logically consistent extrapolation for small genome sizes.
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which are far below the observed genome sizes in teleosts, but
observed in tunicates like Oikopleura dioica [36] or Ciona intestinalis
[37]. Indeed, the average intron size as well as the total intron fraction
of the genomes is known to be relatively small in these species
indicating that intron gain occurred somewhere in the early eukaryote
lineage. On the other hand, when extrapolating to large genome sizes,
the model predicts an equilibrium (0.8% exon, 44.61% intron and
54.59% intergenic fraction) that is conditioned by the indel rates of the
three fractions. The exon (1.32%), intron (37.24%) and intergenic(61.44%) fractions in the human genome [38], the largest genome
sequenced so far, do not deviate too much from this assumption.
4. Conclusion
The combination of different sequencing technologies and the
reduction of sequence complexity by sequencing comparatively
mapped BAC pools enabled us to assemble high-quality drafts of
major parts of three European sea bass chromosomes, which are
comparable to the quality of the genome assemblies of other teleost
210 H. Kuhl et al. / Genomics 98 (2011) 202–212species that have been sequenced completely by the Sanger method.
Although the European sea bass genome could be completed by such a
strategy, some sequence information may be lost due to gaps in the
BAC map. We are currently investigating other options to sequence
the sea bass genome. As we have shown that the stickleback genome
may be a good reference for a comparative assembly computation and
second generation sequencing technologies are still evolving to higher
throughput and longer reads it might be also possible to switch to
WGS sequencing and comparative assembly to obtain a high-quality
draft sea bass genome in the near future.
Annotation of the sequences resulted in 1477 predicted coding
genes that represent about 5%–7.5% of the total number of genes in sea
bass. These results are the ﬁrst steps towards the acquisition of useful
genomic data that may help for improving biological traits (growth,
reproduction or survival) that are important in sea bass aquaculture.
Additionally, it will be possible to apply speciﬁc analyses to access
regulatory elements of these genes, whichmight be helpful for studies
attempting to identify loci with adaptive polymorphisms.
5. Materials and methods
5.1. Pooled BAC DNAs
BAC clones that formed a minimal tiling path on stickleback group
V, XVII and XXI according to the comparative BAC map of sea bass [6]
were rearrayed to 384 well MTPs for each group.
For each BAC of a pool, 1.5 ml 2YT media with 20 mg/l
chloramphenicol were inocculated in 96 deep well MTPs. The number
of replicates of 1.5 ml BAC cultures was chosen in a way that the sum
of all 1.5 ml cultures for one pool was approximately 500 ml. Clones
were grown to saturation at 37 °C for 18 h with shaking at 900 rpm in
Titramax incubators. Only slight differences in growth of the clones
were observed and tolerated to keep the BAC pool less biased.
Cells resulting from each culture were separately lysed by alkaline
lysis procedure and BAC DNA in the supernatants was precipitated
with 2-Propanol. The dried pellets were resolved in BufferEX supplied
by the Qiagen Large Construct Kit. The amount of Buffer EX used for
each pellet was calculated to sum up to 9.5 ml for each BAC pool. After
gentle shaking at 37 °C for 30 min the resolved DNA was pooled
together.
Pooling the BAC DNA at this point in the protocol was crucial to
reduce BAC DNA losses in the subsequent exonuclease digest step, as
more BAC clones could renature to their circular or supercoiled dsDNA
form.
Contamination of BAC DNA by E.coli DNA was reduced by ATP
dependent exonuclease digest and column puriﬁcation according to
the Qiagen Large Construct Kit manual.
5.2. Roche/454 sequencing
The BAC pool for stickleback groupXXI was sequenced according to
Roches GS20 guidelines for shotgun sequencing. Seven full picotiter
plates were sequenced on a GS20 system at MPI Berlin.
Stickleback group V and XVII BAC pools were shotgun sequenced
by 454 Life Sciences on the GS FLX system using the Titanium
chemistry. For each pool, a complete picotiterplate was sequenced.
Additionally, 454 Life Sciences created 8 libraries of 20 kb PETs
(paired end tags) from genomic DNA of sea bass to support scaffolding
of contigs. For each library half of a picotiter plate was sequenced on
the GS FLX Titanium system.
5.3. Sanger sequencing
To aid the assembly process three shotgun plasmid libraries were
constructed from BAC pools. The DNA was fragmented by ultrasonic
sound. After end polishing with Klenow- and T4-DNA-polymerase,fragments of a size range from 1 to 3 kb were selected and cloned into
pUC19 vectors. The number of clones arrayed into 384 well MTPs for
each library was chosen to yield approximately 2–3x sequencing
coverage of the BAC poolswith Sanger reads. Plasmid DNA preparation
was done as described in [6]. Plasmid templates were sequenced using
ABI BigDyeV3.1 Terminator chemistry andM13-28 orM13-40 primers.
Sequence analysis was performed on ABI3730xl capillary sequencers.
Processing of raw sequencing data was done by the PHRED basecaller
[39], quality clipping and vector-clipping by LUCY [40].
5.4. Screening for Sanger / 454 20 kb PETs matches from WGS project
As described in [6] BAC end sequences and the ongoing WGS
(whole genome shotgun) sequencing of D. labrax provide additional
Sanger sequencing data. This data, that approached ~3x genome
coverage, was screened against three preliminary assemblies of BAC
pool data (Roche/454 plus Sanger) done with the Roche Newbler
(V2.3) software. The screening for additional WGS-reads was done
with Roche's gsMapper. In the same way Roche/454 20 kb paired end
data was also mapped to add paired end matches to the assemblies of
the BAC pool data.
Identiﬁed readmatches in the Sanger data were extracted from the
read archives and converted to Celera Assembler (CA) frg-format by
homemade perl scripts. 20 kb PETs were extracted to new sff ﬁles
using the programm “sffﬁle” and subsequently converted to frg
format using the program “sffToCA” provided with CA V5.3 suite.
5.5. Hybrid assemblies of combined datasets and improving
superscaffold assemblies by comparative genomics
The assemblies of all datasets for each BAC pool were done with
CELERA (CABOG) Assembler V5.3 [41] to take advantage of paired end
read information to resolve repeat structures (which was not fully
supported by Newbler V2.3). Celera assembler calculates unitigs, which
are contigs consisting of unique sequence (non repetitive). These are
ordered by applying matepair data during a scaffolding step. Finally,
repeats may be resolved, if enough mate pair data is available, where
one read of a matepair is anchored on a unitig, while the other one is
placed in a gap. Local assembly of reads assigned to a single gap is
performed for gap closure. For Roche GS20 data we did a pre-assembly
with Newbler and then split the contigs to emulate Sanger reads with
the “ﬂx2sanger.pl” script (CA package). This way better assembly
statistics for the short 100 bp reads were observed. The resulting
contigs of the CA assemblies were converted to Ace-ﬁles and manually
edited with CONSED V19 [42]. Contigs were manually joined, if BLAST
[43] alignments to the corresponding stickleback groups (downloaded
from www.ensembl.org / stickleback assembly BROAD S1, Feb 2006)
conﬁrmed their neighboring position and overlaps of the contigs were
found. After manual improvements the contigs were split to fake reads
with the tool “ﬂx2sanger.pl” and reassembled with the corresponding
datasets. This incremental approach improved scaffolding of the
sequences. The ﬁnal scaffolds were again aligned to the corresponding
stickleback groups and some contigs that were clearly missing in the
scaffoldsweremanually incorporated. According to the position of their
starts and ends, the scaffolds were put together to build a ﬁnal
superscaffold of each BAC pool. Gap sizes in scaffolds, which represent a
set of ordered contigs, were estimated by the CELERA Assembler from
read pair data and added as “n” characters to the ﬁnal sequence. Gap
sizes in superscaffolds, which represent a set of ordered scaffolds, were
unknown and set to a default value of 100 “n” characters.
5.6. Superscaffold alignments / assigning linkage groups to superscaffolds
For the dot blots of related superscaffolds between sea bass and
other species, BLASTN alignments (wordsize 15 / e-value cutoff
1e−10) were visualized by using the CGAS-server [44].
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group 18 [25] were downloaded from Genbank. The sequence names
were numbered by their order in the linkage map and subsequently
aligned against the superscaffolds using MEGABLAST [45]. If several
hits with similar scores were observed, the alignment was marked as
“repetitive”.
5.7. Annotation of derived superscaffolds
The superscaffolds fasta-ﬁles were converted to Game.xml databases
and subsequently loaded into APOLLO Genome Curation Tool (V 1.9.6).
Ab initio gene prediction was done with GENESCAN [20]. A homology-
based prediction was conducted in parallel using proteins sequences
from the corresponding G. aculeatus (stickleback) superscaffolds. This
approach has the advantage to generate less false prediction compar-
atively to ab initio methods where many of predicted genes and exons
are false positive. All proteins O. latipes, T. nigroviridis and D. rerio were
then downloadedwith theBiomart tool of the ensembl genome browser
and aligned against the superscaffolds. This provided additional
information that were helpful to improve the quality of the predictions
obtained by ab initio and stickleback homology-based predictions. Since
O. latipes, T. nigroviridis are closely related to sea bass and therefore the
correspondence of chromosomal segments is quite good, the proteins
were directly downloaded from the corresponding superscaffolds
(Biomart tool / www.ensembl.org). For D. rerio which is more distantly
related to sea bass, all proteins from the genomewere downloaded and
screened for hits to the three superscaffolds of BAC pools. Additionally,
35,416 ESTs that have been sequenced in our institute from different sea
bass tissueswereused to support theproposedgenemodels. Theprotein
and EST sequences were splice-aligned to the three superscaffolds with
the SPALN software [21]. Predicted exon coordinates of the SPALN
output were converted to a sim4 compatible format, which then was
processed by APOLLO.
The modeling of genes in D. labrax was then performed manually
by combining the results of GENESCAN and SPALN predictions and
setting the start and stop codons. The gene models were tested and
functionally annotated by BLASTP against NRprot database. The
consensus of descriptions and names of the best hits were assigned
to the predicted D. labrax gene products. Swissprot and closely related
species entries were preferred, if results were ambiguous.
Gene ontology was used to predict the protein function of gene
models. Gene Ontology is organized according to three categorizations
with respect to functional category that are “Molecular Function”,
“Biological Process” and “Cellular Component”. We adapted these three
functional categories to obtain the function of gene model proteins. In
parallel, the gene model proteins were submitted to InterProScan
software using theGOServer to identify shared signatureswithproteins
of known function. The combinationof these two approaches allowed to
validate the function attributed by GO but also to assign function to
proteins of gene models that were unannotated with GO.
5.8. Comparison of exon size, intron size and intergenic space in ﬁve
teleost species
We identiﬁed related superscaffolds of stickleback group V, group
XVII and group XXI inmedaka, tetraodon and zebraﬁsh by the biomart
tool at www.ensembl.org applying the “region” and “homolog” ﬁlters.
The output was screened for chromosomes that hadmost orthologs in
common with the three stickleback chromosomes. The exon co-
ordinates annotated on the identiﬁed superscaffolds in the different
species, were downloaded. Surplus exons that were predicted by
alternative transcripts for the same genes were removed with
spreadsheet software (Excel). Then, the average intergenic space,
exon, intron and gene sizes and numbers were calculated for each
superscaffold as well as the average of the three chromosomes.
Afterwards, a linear regression analysis was performed to correlateaverage exon, intron and intergenic space size to the total genome
sizes of the different species. The estimated average growth rates
were then calculated in relation to each other, resulting in
probabilities that genome growth occurs in exons, introns or
intergenic space. From these rates and the average sizes observed in
T. nigroviridis (start values) the change of total exon, intron and
intergenic sequence by genome size was extrapolated.
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